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Abstract

Finite-element analysis (FEA) combined with experimental observation was conducted on preheated Cu particles deposited on Cu
substrate to clarify the deposition behavior of thermally softened particles in cold spraying. An explicit FEA code, ABAQUS, was used
to predict the deformation features of the thermally softened particles. The experiment was performed by a home-made cold-spray sys-
tem with a powder preheating device. Considering the possible serious oxidation of the cold-sprayed particles under high-temperature
conditions, the preheating temperature was limited to 300 °C for each test. Based on the numerical and experimental results, a new con-
cept called the thermal softening zone within which thermal softening occurs is proposed in the present work. It is found that thermally
softened particles deform more intensively compared to non-preheated particles, and a more prominent metal jet can be achieved at the
rim of the deformed particles with higher initial temperature. Moreover, the results also reveal that increasing the particle preheating
temperature can stimulate the occurrence of thermal softening. For non-preheating or low-temperature preheating particles, thermal
softening mainly occurs at the interfacial region. If the preheating temperature is sufficiently high, the whole particle can experience ther-
mal softening. In addition, it is also found that preheated particles are more likely to deposit on the substrate surface than non-preheated
particles. In addition, particle preheating is also found to facilitate the coating formation process, enabling the coating to be very thick.
The coating microhardness decreases with increasing particle preheating temperature due to the elimination of work hardening by ther-
mal softening.
© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cold spraying (CS), also called cold gas dynamic spray-
ing or kinetic spraying, is a relatively new material deposi-
tion technique, which has been developed for more than
two decades. In this process, powder particles are
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accelerated to a high velocity normally ranging from 300
to 1200 m s~ ! in a supersonic jet flow and projected onto
the substrate or already deposited coating in an entirely
solid state. Intensive plastic deformation induced by the
high-velocity impact occurs in cold-sprayed particle, sub-
strate (or already deposited coating) or both, enabling a
low-oxidized cold-sprayed coating to be formed [1,2].

In general, particle velocity prior to the impact is an
important factor for CS because the successful deposition
of cold-sprayed particles relies only on the kinetic energy
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rather than the combined effect of both kinetic and thermal
energies available in conventional thermal spraying. It has
been widely accepted that there exists a unique critical
velocity for a given condition (e.g. specific particle size,
temperature and material properties), above which success-
ful bonding can be achieved [3-5].

As for the bonding mechanism, a number of works have
been carried out during the past decade to improve our
understanding on this issue [3-15]. Currently, the most
widely accepted view of the bonding mechanism can be
regarded as the occurrence of adiabatic shear instability
(ASI) at the interface which results from the high strain
rate and the intensive localized deformation during the par-
ticle deposition process. At the region where ASI occurs,
adiabatic heating-induced thermal softening is dominant
over work hardening, and then metals behave like a viscous
material, extruded from the interface, forming an outward
metal jet at the rim [3,4]. This viscous-like metal jet helps to
clean up the cracked native oxide film which originally
exists on particle and substrate surfaces, allowing metal-
to-metal contact and thus metallic bonding to occur [6].

Mechanical interlocking and metallurgical bonding are
commonly perceived to be two dominant mechanisms of
metallic bonding in CS. It was proposed by Grujicic
et al. that the interfacial instability occurring during the
high-velocity impacting process results in material roll-
ups and vortices at the interface, as a consequence, sub-
strate and coating materials mix at the interface region,
leading to mechanical interlocking [7]. Experimental obser-
vations of Cu—Al [16] and Zn—Al [17] mixtures at the inter-
face, in previous literature, provide strong evidence for the
mechanical interlocking mechanism in CS. In addition,
Hussain et al. proposed another conception of mechanical
interlocking, namely that the formation of substrate jet
partially envelops the particle and enables the deposited
particle to be locked by the substrate material [13]. Metal-
lurgical bonding is normally known as a result of the
atomic diffusion between different materials, which can
provide better bonding strength compared to mechanically
based bonding. The formation of intermetallic phase at the
interfacial region is recognized as a marker for oxide-free
interface, the occurrence of diffusion and true metallurgical
bonding [18-20]. In some experimental studies, relatively
thick intermetallic layers (several hundreds of nanometers)
have been indentified at different interfaces, e.g. NiAlz
[21,22], Manz, Mg5Zn2A12, Mg112n11A16 [17], AlzCll3,
Al,Cu [10], AlCuy, Al4Cuy, AlCu, Al,Cu, Al-Al,Cu [23],
Al,Cu, Al4Cug [14], Al,Cu [24] and AlsFe, [25,26]. Addi-
tionally, previous literatures have also reported that the
formation of intermetallic phase is always accompanied
with transient interfacial melting, because the solid-state
diffusion speed is too low to form a sufficiently thick inter-
metallic layer as observed in the experiments under the
extremely short timescale of the particle—substrate reaction
in CS [14,23,24].

The temperature of cold-sprayed particles prior to the
impact is always far lower compared to the material

melting point because the particles can only be heated up
over an extremely short duration by the driving gas during
the CS process. Accordingly, the cold-sprayed coating is
characterized by low oxidation, retaining the original
mechanical properties to a great extent. However, for the
same reason, the bonding strength between certain cold-
sprayed particles, e.g. hard particles or larger particles,
and substrate (or already deposited coatings) cannot be
guaranteed. In some works, it is reported that heating the
powder particles to a suitable temperature range before
spraying can decrease the critical velocity and increase
the bonding strength as well as the deposition efficiency,
especially for those materials which are difficult to success-
fully deposit by the conventional CS process [27,28]. Kim
et al. found that, in warm spraying in which powder parti-
cles can be heated to a temperature normally around
0.5T,,, extremely fine grains (several tens of nanometers)
can be formed along the particle-substrate interfacial
boundary and even within the whole splat and possibly
the final fully nanocrystalline metallic coating duo to the
dynamic recrystallization, which significantly enhances
coating quality [29-31]. Although there already exist some
meaningful findings, currently the deformation behavior of
the preheated cold-sprayed particles is still not well known.
In this study, therefore, numerical simulation combined
with experimental observation is performed to clarify the
deposition characteristics between thermally softened par-
ticle and substrate. Furthermore, the deformation charac-
ter of the particles inside the cold-sprayed coating is also
discussed to study the effect of particle preheating on the
coating formation process.

2. Experimental details

Cold-sprayed splats and coatings were produced by
using a home-made CS system (LERMPS, UTBM, France)
with an optimal de-Laval type converging—diverging nozzle.
The nozzle has a rectangular cross-section with an expan-
sion ratio of about 3.8. For all tests, high-pressure com-
pressed air was used as the carrier gas with the inlet
pressure and temperature of 2.5 MPa and 500 °C, respec-
tively. The standoff distance from the nozzle exit to the sub-
strate surface was 30 mm. A high gun traverse speed of
500 mms~' was used to produce the individual cold-
sprayed splat, and a low gun traverse speed of 100 mm s~
was employed for the full coating deposition. Because air
was chosen as the carrier gas, the oxidation of the powder
particles during the preheating process cannot be avoided.
Serious oxidation can degrade the coating performance
and thus weaken the advantages offered by “low-tempera-
ture” CS. On the other hand, thick oxide film on the particle
surface significantly hinders the bonding between the parti-
cles and the already formed coating or substrate [31,32].
Therefore, in order to reduce the negative influence by the
oxidation, the particle preheating temperature in this study
was limited to only 300 °C. Based on this fact, four preheat-
ing temperatures were tested: 25, 100, 200 and 300 °C.
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Fig. 1. Schematic of the CS system with the powder preheating device.

Powder particles were preheated by a home-made pre-
heating device before being injected into the nozzle. The
schematic of the CS system with the preheating device used
in the experiment is illustrated in Fig. 1. As can be seen,
powders were firstly injected into the preheating device
inside which a long coiled tube is installed in order to to
achieve particle heating. The electrodes were placed at both
sides of the coiled tube to heat the tube wall and thus the
gas flowing through the tube. The gas temperature was
controlled by adjusting the voltage and measured by the
thermal couple located near the tube outlet. When the
desired gas temperature was reached, powders were
released and heated up during the travel period through
the tube. Because the tube was manufactured with suffi-
cient length, particles have adequate heating time and
hence achieve the roughly same temperature as the gas
after leaving the preheating device.

Pure Cu powder with a spherical morphology was
selected as the feedstock. The powder size distribution
was measured to be between 0 and 150 um with 75 pm
average particle diameter by a laser diffraction sizer (Mas-
tersizer 2000, Malvern Instruments Ltd., UK). Fig. 2 shows
both the powder size distribution and the scanning electron
microscopy (SEM) morphology of the Cu powder used in
this experiment. Polished and grit-blasted Cu plates were
employed as the substrate for individual splat deposition
and full coating deposition, respectively.

The powder and coating microstructures were examined
by optical microscopy (OM) (Nikon, Japan) and SEM
(JSM5800LV, JEOL, Japan). The coating microhardness
was tested by a Vickers hardness indenter (Leitz, Germany)
with a load of 200 g for 30 s. More than 15 values were ran-
domly tested and averaged to evaluate the hardness. The
surface temperature of the coating was measured and
simultaneously recorded by an imaging infrared camera
(Agema Thermovision 470). Thermal infrared images were
continuously recorded with a video system and then ana-
lyzed by camera software, enabling the detailed investiga-
tion on the temporal temperature development of the
coating surface temperature during the CS process.
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Fig. 2. Powder size distribution and SEM morphology of the Cu powders.

3. Computational descriptions
3.1. Numerical model

The high-velocity impacting process is modeled by using
an explicit finite-element analysis (FEA) code, ABAQUS
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[33], with the Lagrangian algorithm which has been widely
used in previous studies [3,4,11,12,24,31]. Both single-parti-
cle and multi-particle impacts are considered in this study.
All the impacting processes are assumed to be an adiabatic
process and the dynamic explicit procedure (Dynamic-
Explicit) is performed to realize the adiabatic stress analy-
sis. Due to the axially symmetric character of the single-
particle impact, such models are simplified as axisymmetric
models in order to reduce the computational time. All the
particles have a diameter (d,) of 20 um. The radius and
height of the substrate are defined as four times larger than
the particle diameter. The geometries are partitioned by the
four-node bilinear axisymmetric quadrilateral elements
with reduced integration and hourglass control (CAX4R).
The axisymmetric condition is applied to the symmetric
axis and the fixed boundary condition is enforced to the
bottom and lateral. For multi-particle impact, three sizes
of randomly distributed particles are considered, namely
10, 20 and 30 pm. The radius and height of the substrate
are defined as 400 and 200 um, respectively. Four-node lin-
ear plane strain quadrilateral elements (CPE4) are adopted
to characterize the deformation in the central cross-section.
The fixed boundary condition is enforced to the bottom
and lateral. All the contact processes are implemented by
using the surface-to-surface penalty contact algorithm with
balanced contact pair formulation. The computation
domain, meshing and boundary conditions for single-parti-
cle impact are given in Fig. 3. For multi-particle impact,
the meshing is partitioned in a similar way.

The initial particle velocities for different cases are cho-
sen based on the principle of exceeding the correspondingly

Y

Contact surface

Axisymmetric boundary
Arepunoq paxiH

Fixed boundary

Fig. 3. Computation domain, meshing and boundary conditions for the
single-particle impacting process.

critical velocities. Therefore, the initial velocities for Cu
particle on Cu substrate, Fe particle on Fe substrate, and
Ni particle on Ni substrate are 600, 700 and 800 m s7L
respectively, according to the calculated results by Bea
et al. [11]. As for the particle temperature prior to the
impact, our previous Computational Fluid Dynamics
(CFD) results indicated that the particles can be slightly
heated to 100-200 °C by the driving gas before they impact
on the substrate [34]. Therefore, in this study, the particle
initial temperature is set as 100 °C for the non-preheated
particle. For preheated particle, the initial temperature var-
ies from 200 to 800 °C. Additionally, the substrate temper-
ature is taken as 25 °C for all cases.

3.2. Material model

The particles and substrate are described as a Johnson
and Cook plasticity model which accounts for strain,
strain-rate hardening, as well as thermal softening. The
stress is expressed according to the von Mises plasticity
model. The yield stress (g,) of the material is expressed
as follows [35]:

oy = [+ B()"|[1 + Cln&][1 — ()], (1)

where 4, B, N, C and M are material-related constants, &
is the effective plastic strain, and & is the effective plastic
strain rate normalized with respect to a reference strain
rate. T° is a non-dimensional temperature defined as:
oLzl 2)
Tm - T()

where T, is the melting temperature and 7Ty, is a reference
temperature. A linear Mie-Griineisen equation of state
(EOS) is employed for the elastic behavior. The mechanical
and thermal properties are assumed to be isotropic. The
properties of the metals used in this study are listed in
Table 1.

Table 1
Material properties of the metals used in this simulation.

Fe Ni Cu
Density, p (kg m™) 7890 8900 8960
Shear modulus, G (GPa) 80 79 46.3
Elastic modulus, E (GPa) 207 207 124
Poisson’s ratio, v 0.29 0.31 0.34
Specific heat, C, Jkg™'°C™) 452 456 383
Yield strength, 4 (MPa) 175 167 90
Hardening coefficient, B (MPa) 308 648 292
Strain-hardening exponent, N 0.32 0.33 0.31
Strain rate constant, C 0.06 0.006 0.025
Softening exponent, M 0.55 1.44 1.09
Melting temperature, 7, (°C) 1538 1478 1083
Reference temperature, 7} (°C) 25 25 25
Reference strain rate (s~!) 1 1 1
Sound velocity, Cy (ms™) 3574 5060 3490
Slope in vy vs. vp, S 1.92 1.5 1.49
Griineisen coefficient, y, 1.69 2.0 2.02
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4. Results and discussion
4.1. Particle deformation behavior

Fig. 4 shows the contours of the temperature and effec-
tive plastic strain of a single Cu particle depositing on a Cu
substrate with different particle initial temperatures. Obvi-
ously, with the increment in particle initial temperature, the
particle experiences increasingly intensive deformation and
the metal jet formed at the rim of the flattened particle
becomes more and more prominent. It is believed that
the enhanced thermal softening effect caused by the
increasing initial temperature is the main reason for this
phenomenon. The detailed interpretation for this fact will
be discussed in the following section. It is also noticed that
the localized plastic deformation occurs at the periphery of

Temperature ('C)

1000

0.5Tm

the contact interface, where the temperature is much higher
than the inner part of the particle due to plastic dissipation-
induced adiabatic temperature rise. The same deformation
character and variation tendency also can be found in the
cases of Fe particle on Fe substrate as shown in Fig. 5
and Ni particle on Ni substrate as shown in Fig. 6. Fig. 7
shows the compressional ratio of the cold-sprayed particle
vs. the particle initial temperature for various metals, where
compressional ratio is defined as (d, — //)/d,, and is used to
describe the extent of deformation, where /Ay is the
deformed particle height. It is clear that the compressional
ratio demonstrates an obviously upward trend with the
particle temperature regardless of the metal types, which
further indicates that the increase in the particle initial tem-
perature does in fact contribute to the deformation of cold-
sprayed particles.

Effective
plastic strain

(d) 700°C

Fig. 4. Contours of the temperature and effective plastic strain of a single Cu particle depositing on a Cu substrate with different particle initial

temperatures: (a) 100 °C, (b) 300 °C, (c) 500 °C and (d) 700 °C.
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Fig. 8 shows the simulation results of the temperature
distribution of several Cu particles depositing on a Cu sub-
strate with different particle initial temperatures. As can be
seen in Fig. 8a, the top layer particles mainly deform at the
lower part and the temperature rise at the corresponding
region is relatively high as a result of the adiabatic heating.
However, it is worth noting that the temperatures of the
former deposited particles are higher compared to the top
layer particles, especially at the particle upper part, due
to the subsequent impact of further deposited particles.
In addition, the temperature distribution within the former
deposited particles is more uniform in comparison with the
top layer particles. This fact indicates that the inner part of
the coatings may achieve better bonding strength com-
pared to the outer part. Similar deformation features also
can be found in Fig. 8b and c. Furthermore, it is also
noticeable from Fig. 8 that the deposited particles flatten
more and more remarkably as the initial temperature
increases gradually.

Temperature ('C)
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[~ 700
I 600
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T | 400
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200
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4.2. Thermal softening effect

It is know that when metals deform at a sufficiently high
temperature, necessarily greater than 0.4-0.57,, [36], a ser-
ies of changes, such as dynamic recovery and dynamic
recrystallization, will take place within the metals, signifi-
cantly influencing the deformation process [37]. Such
changes can eliminate the work-hardening effect which
results from the dislocation density increment and disloca-
tion proliferation occurring during the plastic deformation
process by the means of dislocation climbing, dislocation
cross-slips and new grain growth, enabling the metal mate-
rials to soften. This phenomenon is normally termed the
thermal softening effect. If the thermal softening effect
dominates the work-hardening effect, the metal flow stress
starts to become stable and plastic flow occurs, resulting in
the metals behaving like a viscous material. Based on the
above discussion, it is not difficult to consider that only
when the temperature exceeds the critical temperature

Effective
plastic strain

40
36
32

28 ‘

(b) 300°C

(d) 700°C

Fig. 5. Contours of the temperature and effective plastic strain of a single Fe particle depositing on a Fe substrate with different particle initial

temperatures: (a) 100 °C, (b) 300 °C, (c) 500 °C and (d) 700 °C.
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Fig. 6. Contours of the temperature and effective plastic strain of a single Ni particle depositing on a Ni substrate with different particle initial
temperatures: (a) 100 °C, (b) 300 °C, (c) 500 °C and (d) 700 °C.

08

——#—— Cu/Cu, 600m/s
—@—— Fe/Fe, 700m/s
———— Ni/Ni, 800m/s

o

07

T T T

0.6

Compressional ratio

05

0.4

-

oo b vy e b b b b s b

0

Fig. 7. Particle compressional ratio vs. the particle initial temperature.
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range (0.4-0.57,,), can dynamic changing, in other words,
thermal softening, be triggered. In this case, 0.57,, can be
reasonably regarded as a criterion for the occurrence of
thermal softening. In conventional CS without particle pre-
heating, when the adiabatic heating-induced thermal soft-
ening effect is dominant over the work-hardening effect,
ASI can occur and the metal jet then forms [3]; as a result,
the metal-to-metal contact as well as the metallic bonding
can be expected between particles and substrate. However,
if particles are preheated before spraying, not only the adi-
abatic temperature rise, but also the particle initial temper-
ature contributes to the particle final deposition
temperature. Therefore, it can be considered that the com-
bination of the particle initial temperature and the adia-
batic temperature rise determines whether the local
temperature can reach the critical criterion (0.57,,) and
thermal softening can occur.

In order to evaluate the possibility of the occurrence of
thermal softening during the CS process when particles are
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Fig. 8. Contours of the temperature of several Cu particles depositing on
a Cu substrate with different particle initial temperatures: (a) 100 °C, (b)
300 °C and (c) 500 °C.
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Fig. 9. Particle local maximum temperature vs. the particle initial
temperature.

preheated before spraying, the particle maximum tempera-
ture and temperature rise vs. the particle initial temperature
are provided in Figs. 9 and 10. As can be seen, the particle
maximum temperature shows an upward trend with
increasing particle initial temperature, but the maximum
temperature rise decreases gradually. It is known that the
local maximum temperature is caused by the combination
of both particle initial temperature and maximum adia-
batic temperature rise. Here the maximum temperature rise
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1000 ——A—— Ni/Ni, 800m/s
€ 800 [
= |
| |
3 |
E
400 I\-
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Fig. 10. Particle maximum temperature rise (7jax —
initial temperature.

Tini) Vs. particle

decreases with increasing particle initial temperature,
which means that the temperature rise contributes less
and less to the particle final deposition temperature. Know-
ing this, one can easily conclude that it is the growing initial
temperature that causes the increase in the local maximum
temperature rather than the adiabatic temperature rise.
The reason why the maximum temperature rise decreases
will be discussed in detail in the following section. In addi-
tion, from Fig. 9, it is interesting to find that even for the
non-preheated particle, the maximum temperature can
exceed the critical temperature (0.57},) owing to the plastic
dissipation-induced adiabatic temperature rise. This fact
means that, in most cases, dynamic changing and thermal
softening can occur during the CS process. Additionally,
it is also found that the maximum temperature cannot
reach the melting point for all temperatures.

In order to investigate further the thermal softening phe-
nomenon within a preheated cold-sprayed particle, Figs. 4
6 are analyzed in detail. A new concept, the so-called ther-
mal softening zone (TSZ) is proposed, which is defined as
the local zone where the temperature is greater than
0.5T,,. Inside the TSZ, thermal softening occurs and com-
petes with work hardening, as a consequence, intensive
deformation can be expected within the TSZ. As can be seen
from Figs. 4-6a in which particles are non-preheated, the
TSZ is very narrow and is localized along the contact inter-
face boundary, which is mainly produced by the plastic dis-
sipation-induced adiabatic temperature rise. As the particle
initial temperature is gradually increased to 300 °C, the TSZ
is not only limited to the interfacial narrow region, but
spreads to the lower part of the particle. The experimental
study of Kim et al. provided a TEM image showing that a
refined grain resulting from the dynamic recrystallization
is formed at the lower part of the particle during a warm-
spraying process, which implies the occurrence of thermal
softening, supporting the numerical results of the current
paper [29,30]. Furthermore, when the particle temperature
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Fig. 11. Plastic dissipation energy of both cold-sprayed particle and
substrate vs. the particle initial temperature: (a) Cu particle on Cu
substrate at 600 m s ', (b) Fe particle on Fe substrate at 700 m s~ ' and (c)
Ni particle on Ni substrate at 800 m s™".

is increased to more than 500 °C, it can be seen that the
whole particle almost reaches the critical temperature
(0.5T,,), which suggests that the thermal softening effect

works over the whole deformed particle. A similar phenom-
enon can also be found in Kim et al.’s study in which the
whole splat experiences the grain refining process [30]. In
addition, it is worth noting that the whole particle experi-
encing the thermal softening is mainly due to the particle
preheating process rather than the adiabatic temperature
rise, because the adiabatic heating plays a key role only at
the extremely deformed zone (interfacial zone). Moreover,
as for the full coating shown in Fig. 8, it is found that the
area of the TSZ of the particles inside the coating is larger
than that at the top layer due to the subsequent impacting,
which implies that the inner particles are more likely to
experience thermal softening.

4.3. Energy distribution

During the particle deposition process, the initial kinetic
energy (Ey) can convert into four sorts of energies, namely
plastic dissipation energy (Ep), viscous dissipation energy
(Ey), frictional heat (Eg) and recoverable elastic strain
energy (Egr), which can be expressed as follows [33]:

Ey = Ep + Ev + Er + Er

In the work of Bea et al. [11], the plastic dissipation energy,
viscous dissipation energy and frictional heat are consid-
ered to contribute to the adhesion energy, while the elastic
strain energy is regarded as the rebound energy. Moreover,
the viscous dissipation energy and frictional heat are rela-
tively small compared to the plastic dissipation energy,
hence Bea et al. use plastic dissipation energy and elastic
strain energy as a comparison to evaluate the bonding
and rebounding between particles and substrate. In this
study, plastic dissipation energy is also chosen to quantita-
tively evaluate the plastic deformation of both particle and
substrate. Fig. 11 demonstrates the plastic dissipation ener-
gies of both particle and substrate vs. the particle initial
temperature. Interestingly, unlike the changing trend of
deformation extent as discussed in Section 3.1, the particle
plastic dissipation energy decreases gradually with increas-
ing particle initial temperature, while the energy dissipated
into the substrate shows a reverse trend. The reason for this
difference can be interpreted as follows. As we know, plas-
tic dissipation energy is due to the dissipation of plastic
work during the deformation process. When metals get
into a thermal softening state, work hardening will be grad-
ually eliminated by thermal softening. The more intensive
the thermal softening is, the more completely the work
hardening can be eliminated and the less plastic work is
needed for deformation. If the thermal softening effect
completely dominates the work-hardening effect, the plastic
flow stress becomes stable and no longer increases, but the
plastic strain nevertheless proceeds. Particles with high ini-
tial temperature can easily undergo thermal softening [30]
and hence can maintain the thermal softening and even
the plastic flow state for a long time. Accordingly, only less
plastic work can lead to the relatively larger plastic
deformation.
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Fig. 12. Surface morphologies of the substrate following impact of several individual Cu particles with and without preheating treatment: (a) non-
preheating with a temperature of 25 °C and (b) preheating with a temperature of 300 °C.
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Fig. 13. Surface morphologies of a single splat observed by SEM as a function of the particle preheating temperature: (a) 25 °C, (b) 100 °C, (¢) 200 °C and

(d) 300 °C.

Moreover, Fig. 11 can also be used to explain why the adi-
abatic temperature rise decreases as the initial particle tem-
perature increases. As already discussed in Section 3.2, the
temperature rise is a consequence of plastic dissipation-
induced adiabatic heating. Clearly, smaller plastic dissipa-
tion energy results in a lower adiabatic temperature rise.
Therefore, the maximum temperature rise can decrease as
the initial particle temperature increases as shown in Fig. 10.

Additionally, as shown in Fig. 11, it is interesting to find
that the substrate plastic dissipation energy decreases grad-

ually with increasing particle temperature. This is because
the total plastic dissipation energy accounts for the over-
whelming share among the four energies and the other
three energies can be neglected. In this case, the plastic dis-
sipation energy for different cases can be considered to
have the same value due to the same initial kinetic energy.
Accordingly, if the energy dissipated by the particle
decreases with the particle temperature, the remaining
energy allocated to the substrate should certainly follow
an increasing trend.
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Fig. 14. Infrared images of the coating surface temperature after one-pass coating deposition as a function of the particle preheating temperature: (a)

25°C, (b) 100 °C, (c) 200 °C and (d) 300 °C.

4.4. Splat observation

Fig. 12 displays the surface morphologies of the sub-
strate following impact by several individual Cu particles
with and without preheating treatment. It is clear that most
of the particles can attach to the substrate surface after the
high-velocity impact and all the successfully deposited par-
ticles exhibit a hemispheric outline. In addition, some cra-
ters can be clearly recognized on the substrate surface for
non-preheating case as shown in Fig. 12a, while such cra-
ters are absent in the preheating case as indicated in
Fig. 12b. Fig. 13 shows the surface morphologies of a sin-
gle splat observed by SEM as a function of particle pre-
heating temperature. As can be seen, for all cases, the Cu
particle deforms hugely and flattens following deposition
on the Cu substrate. For the non-preheating particle and
preheating particle with relatively low temperatures of
100 and 200 °C, the metal jet from the substrate side can
be clearly seen at the rim of the contact interface. However,
for the particle with the preheating temperature of 300 °C,
the substrate metal jet is hardly observed with only a small
fraction exposed at the left side of the splat. This is because
the thermal softening effect for the particle with the pre-
heating temperature of 300 °C is very intense, enabling
the particle to deform more easily and intensively. The
metal jet, therefore, extends more remarkably and hides
the substrate metal jet below the flattened splat. Further-
more, it can also be seen from Fig. 13 that some crinkle-like
regions can be observed at the peripheral region of the splat
surface as marked by the white lines. These crinkles result
from the sudden solidification of the particle material
which experiences plastic flow during the deposition pro-
cess as a result of the dominant thermal softening effect
over a fraction of the particle. These facts further confirm
that particle preheating can enhance the thermal softening
effect. If the preheating temperature is sufficiently high,

plastic flow induced by the dominant thermal softening
effect can occur over an even larger region, and not only
at the interfacial region.

4.5. Coating performance

In the CS process, the final coating consists of several
deposited layers. Every single layer is formed by the spray
gun traveling only one pass through the sprayed target.
Among these layers, except the first layer coating which
deposits on the substrate surface, all of the following layers
deposit directly on the previous formed coating. In this
case, the already formed coating surface can be treated as
the new sprayed target. In some studies, it is reported that
increasing the substrate surface temperature can lead to
higher deposition efficiency [38]. Therefore, it can be con-
sidered that the temperature of the already deposited coat-
ing may have some effects on the subsequent depositions.
Fig. 14 shows infrared images of the coating surface tem-
perature after one-pass coating deposition as a function
of particle preheating temperature. It is clear that the coat-
ing surface temperature shows a roughly upward trend
with increasing particle preheating temperature because
the preheated particles can retain a relatively high temper-
ature after deposition. More clearly, the average coating
surface temperature of the corresponding samples is illus-
trated in Fig. 15. As can be seen, the average surface tem-
perature of the coating formed by the non-preheated
particles is about 116 °C, and with increasing the particle
preheating temperature to 300 °C, the coating surface tem-
perature can reach ~190 °C. This fact implies that particle
preheating can lead to an increase in the coating surface
temperature and enable the subsequently incident particles
to deposit on an already heated surface. The result of this
process is quite similar to the substrate preheating process
in which the bonding strength and deposition efficiency
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Fig. 15. Average coating surface temperature vs. the particle preheating
temperature.

increase with the substrate preheating temperature. There-
fore, it is not difficult to conclude that particle preheating
promotes coating quality due not only to the enhanced
thermally softening effect of the particles but also to the
high temperature of the coating surface. As the particle
preheating temperature increases, the coating quality will
become finer.

Fig. 16 shows cross-sectional OM micrographs of the
cold-sprayed Cu coatings on Cu substrate with different
particle preheating temperatures. Clearly, for each case, a
relatively thick Cu coating can be formed on the Cu sub-
strate without obvious porosity. However, with increasing
the particle preheating temperature, the coating thickness
shows an obvious upward trend, which further suggests
that particle preheating does indeed promote the formation
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g. 17. Coating microhardness vs. particle preheating temperature.

of a thick coating. Fig. 17 illustrates the effect of particle
preheating temperature on the coating microhardness. As
can be seen, with increasing the particle preheating temper-
ature, the coating microhardness decreases gradually. This
is because the thermal softening is enhanced with increas-
ing preheating temperature. The enhanced thermal soften-
ing effect can eliminate any further work hardening effect,
which partly contributes to the final coating hardness.
Therefore, the coating microhardness exhibits a downward
trend with increasing particle preheating temperature.
Fig. 18 shows cross-sectional OM micrographs of a sin-
gle top-layer Cu particle as a function of the particle pre-
heating temperature. Obviously, there exist some
significant differences between different cases. For the
non-preheating case as shown in Fig. 18a, the particle
deforms to a limited extent and metal jet at the rim of

(c)

(d)

Fig. 16. Cross-sectional OM micrographs of the cold-sprayed Cu coatings on Cu substrate as a function of the particle preheating temperature: (a) 25 °C,

(b) 100 °C, (c) 200 °C and (d) 300 °C.
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Fig. 18. Cross-sectional OM micrographs of a single top-layer Cu particle as a function of the particle preheating temperature: (a) 25 °C, (b) 100 °C, (c)

200 °C and (d) 300 °C.

the particle is difficult to observe. With increasing the par-
ticle preheating temperature to 100 °C, particle becomes
more flattened but the outwards jet is still not prominent.
Interestingly, it can be noticed that further increasing the
particle preheating temperature to 200 °C results in the for-
mation of the metal jet at the particle rim. Finally, when
the preheating temperature reaches 300 °C, the metal jet
becomes more intensive. The variation of particle deforma-
tion features with preheating temperature further implies
that particle preheating can stimulate the formation of
the viscous-like metal jet and confirms the FEA results in
this study.

5. Conclusions

In the present investigation, the deposition behavior of
thermally softened cold-sprayed particles was explored by
the aid of a well-designed finite-element model in conjunc-
tion with experimental observation. For achieve the objec-
tive, relatively large Cu particles with different preheating
temperatures were deposited on the Cu substrate, and both
individual particle splats and full coating were obtained.
Based on the predicted numerical results, a new concept,
the TSZ, is proposed, which is defined as the local zone
where the temperature is greater than 0.57,,,, where thermal
softening can occur. It is found that for non-preheating or
low-temperature preheating particles, the TSZ is mainly
localized at the narrow interfacial region, which means
the thermal softening mainly occurs near the contact
region. If the preheating temperature is sufficiently high,
the TSZ can spread to the whole deformed particle, which
indicates the whole particle can experience thermal soften-
ing. In addition, the simulation results also indicate that

with increasing the particle initial temperature, particle will
deform more and more intensively and the local maximum
temperature increases gradually, due to the enhanced ther-
mal softening effect. For high-temperature particles, a more
prominent metal jet forms at the rim of the interface and
the experimental observation on the individual particle
splat confirms this finding. In addition, the experimental
results also suggests that preheated particles are more likely
to deposit on the substrate surface, while some craters are
formed on the substrate surface when using non-preheated
particles. As for the full coating formation process, the sur-
face temperature of each layer coating increases gradually
with particle preheating temperature. The increased coat-
ing surface temperature combined with the increased parti-
cle temperature can promote the formation of the cold-
sprayed coatings and enable the formed coating to be
rather thick. Moreover, due to the elimination of the work
hardening by the thermal softening, the coating microhard-
ness shows a decreasing trend with increasing particle pre-
heating temperature.
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